Speed and processivity of replicative DNA polymerases can be enhanced via coupling to a sliding clamp. Due to the closed ring shape of the clamp, a clamp loader protein, belonging to the AAAþ class of ATPases, needs to open the ringshaped clamp before loading it to DNA. Here, we developed real-time fluorescence assays to study the clamp (PCNA) and the clamp loader (RFC) from the mesophilic archaeon Methanosarcina acetivorans. Unexpectedly, we discovered that RFC can assemble a PCNA ring from monomers in solution. A motion-based DNA polymerization assay showed that the PCNA assembled by RFC is functional. This PCNA assembly activity required the ATP-bound conformation of RFC. Our work demonstrates a reverse-chaperoning activity for an AAAþ protein that can act as a template for the assembly of another protein complex.
INTRODUCTION
Large chromosome replication requires fast and reliable polymerization of thousands of bases of DNA. To enhance the rate and the processivity with which a replicative polymerase can synthesize DNA, a ring-shaped sliding clamp follows the polymerase tethering it to the DNA (1) (2) (3) . DNA sliding clamps are essential, structurally conserved proteins that encircle and slide along DNA (4) . Because the clamp has the closed topology of a toroid and the DNA is essentially an infinitely long cylinder, the clamp must be opened before being loaded onto DNA. The proteins that load the clamp to the DNA, or the clamp loaders, are called the g-complex in bacteria and replication factor C (RFC) in eukaryotes and archaea. The clamp loader belongs to the family of proteins called AAAþ (ATPases associated with a variety of cellular activities) (5) which function in diverse processes such as vesicle fusion (6) , protein degradation (7) , cargo transport, and nucleic acids translocation and unwinding (8, 9) .
The structure of the clamps is highly conserved across domains of life from Bacteria, to Archaea, to Eukarya and even bacteriophage (10) (11) (12) (13) . In bacteria, the clamp is called the b-clamp. For eukaryotes and archaea, the clamp is named proliferating cell nuclear antigen (PCNA). PCNA serves as a nexus for replication and other DNA metabolic transactions via interaction with other proteins, and is modified by ubiquitin and SUMO (14) .
The clamp loader protein in all organisms is composed of five subunits that are members of the AAAþ protein family (15) . The eukaryotic RFC is composed of five distinct subunits (one large and four similar small subunits), but most of the archaeal RFCs have only two. Here, we have studied a recently described mesophilic archaeal RFC from Methanosarcina acetivorans (Mac) using fluorescence-based biophysical assays. MacRFC is made of three gene products and a functional and stable RFC complex can form only when all three proteins, RFCL, RFCS1, and RFCS2, are coexpressed to form a pentameric complex (16, 17) . Remarkably, we found that MacRFC dramatically enhances the assembly of the PCNA trimer. This activity did not derive from stabilization of transiently formed PCNA trimers. Rather, ATP-bound MacRFC provided a template for the assembly of PCNA trimer from monomers in solution. This is an example of an AAAþ protein functioning as a reverse-chaperone where it provides a template for the assembly of another protein complex.
METHODS

DNA constructs and proteins
All DNA were purchased from Integrated DNA Technologies (Coralville, IA). DNA sequences and annealing protocols are found in the Supporting Material. All proteins were expressed and purified as previously described in Chen et al. (16) .
Primer extension and gel filtration chromatography
Primer extension was resolved on 1% agarose gel electrophoresis followed by visualization using autoradiography. An oligonucleotide that is complementary to position 6205-6234 of the M13mp18 (þ) strand was 5 0 endlabeled with [g-32 P]ATP and T4 polynucleotide kinase (New England Biolabs, Ipswich, MA). One pmol of the end-labeled primer was annealed to 0.5 mg of the template (M13mp18 (þ) circular single-stranded DNA (ssDNA)). The primer extension reaction (20 mL MacPCNA, nonlabeled or labeled, per reaction. Each reaction mixture was incubated at 37 C for 5 min, followed by termination through addition of 6 mL of stop solution (98% formamide, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% bromophenol blue). After heating to 95 C for 5 min, the samples were resolved on 1% alkali agarose gel in 50 mM sodium hydroxide and visualized by autoradiography. Gel filtration chromatography for estimation of the molecular sizes of the M. acetivorans PCNA at different concentrations in solution was performed with the SMART system (GE Healthcare, Kings Park, NY). The purified M. acetivorans PCNA was applied to a Superdex 200 3.2/30 column (GE Healthcare) and preequilibrated with buffer C (50 mM Tris-HCl at pH 8.0, 0.5 mM dithiothreitol (DTT), 0.1 mM EDTA, and 0.15 M NaCl). Elution of proteins was monitored by absorbance at 280 nm. Proteins in eluted fractions were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis. For visualization, the proteins at 30 mM and 5 mM were stained with Coomassie Brilliant Blue, whereas staining of fractions from the analysis at 0.5 mM was done through silver-staining. All protein concentrations are in PCNA trimers (except when otherwise noted).
FRET measurements
All fluorescence measurements were performed on a Cary Eclipse fluorometer (Varian, Cary, NC) at 23(51) C except for those performed at 37(51) C as stated. Fluorescence data were collected in a reaction buffer of 25 mM Tris (pH 8.0), 10 mM MgCl 2 , 0.1 mM DTT, and 0.05 mg/mL bovine serum albumin. We confirmed that PCNA loading reaction also occurs efficiently when 50 mM NaCl is added to the reaction (data not shown). The donor, Cy3, was excited at 515 nm, and emission was collected at 565 nm (Cy3) and 665 nm (Cy5). FRET was calculated by Cy5 intensity divided by the sum of Cy3 and Cy5 intensities after subtracting acceptor emission due to direct excitation and background signal. Labeling heterogeneities of PCNA and DNA were not corrected for in this ensemble study. Therefore, the reported FRET values should be considered as a relative measure of proximity or intermolecular interaction rather than of absolute distance. In addition, different preparations of labeled PCNA had different labeling efficiencies. As a result, absolute FRET values could not be compared across different PCNA preparations. All FRET data shown in the same graph in this work were obtained from the same PCNA preparations so that comparison among the dataset within each graph is meaningful.
Labeling of PCNA
PCNA protein was labeled with Cy3 or Cy5 maleimide reactive fluorescent probes (Amersham Biosciences, GE Healthcare). The location of the cysteines was approximated by aligning the sequence of MacPCNA (GenBank ID: AAM03564) with human PCNA (GenBank ID: NP_872590) using the software ClustalX (http://www.clustal.org/). Using the crystal structure of the human PCNA (Protein DataBank ID: 1AXC (18)), the approximate location of the PCNA cysteines can be inferred to be near the surface of the protein and most likely available for labeling by maleimide reactive dyes.
The PCNA storage buffer was exchanged with a DTT-deficient storage buffer using a 10-kDa Centricon spin column (Millipore, Billerica, MA). Ten molar excess TCEP (Tris(2-carboxyethyl) phosphine) was added to the PCNA along with a 5-10-fold molar excess dye. The sample was deoxygenated and the labeling reaction was allowed to occur overnight at 4 C while rotating in the dark. Free dyes were removed using another spin column. The concentration of the protein was measured by the Bradford method protein assay (BioRad, Hercules, CA). The concentration of the dye was measured by absorption at 550 nm for Cy3 and 650 nm for Cy5 and using extinction coefficients of 150,000 cm À1 M À1 and 250,000 cm À1 M À1 , respectively. The absorption spectrum of the labeled protein was fitted with a combination of calibration spectra of the fluorophores and the protein to determine the final fluorophore-protein ratio. The ratio ranged from 1 to 4 fluorophores per trimer and was controlled by adjusting the amount of dye added and the incubation time.
RESULTS
Loading of PCNA onto DNA by RFC
To monitor the DNA loading of its cognate clamp by MacRFC, MacPCNA was labeled with a fluorophore, Cy3, at the native cysteine residues. Sequence alignments and comparison to the human PCNA structure (18) showed that six cysteines (two on each monomer) in MacPCNA would be located in nonconserved regions of the protein and approximately out on the tips of the six globular domains such that minimal perturbation is expected of interactions with the RFC or DNA. The labeling ratio varied between preparations and ranged from one to four Cy3 molecules per trimer. Consequently, the absolute FRET values differed for different preparations, and it was not meaningful to compare the absolute FRET values across different PCNA preparations. Therefore, we made sure that the FRET values and time courses were compared only among those experiments performed using the same preparation of labeled PCNA.
Fluorescent labeling did not affect MacPCNA's capacity to stimulate DNA synthesis by its cognate DNA polymerase in a RFC-dependent manner, as described below. To test the DNA-loading activity of labeled-PCNA, we used an ensemble fluorescence clamp loading assay based on fluorescence resonance energy transfer (FRET) (19) . In this assay, FRET between Cy3-PCNA and Cy5-labeled DNA, Cy5-pdDNA, is used as a spectroscopic signal of PCNA loading onto the DNA (Fig. 1 a) . The partial duplex (pd) DNA had an 18-basepair duplex and a 40-nucleotide 5 0 ssDNA tail, and was labeled at the junction with a Cy5 (acceptor), and a biotin at the duplex end that is linked to a neutravidin to prevent PCNA loading/unloading through the duplex end. For all experiments below, we used low DNA concentrations (%40 nM) such that passive DNA loading of PCNA is minimal. All PCNA concentrations reported here are trimer concentrations. Fig. 1 b shows the time evolution of FRET in a typical loading experiment performed using a fluorometer. First, the Cy5-pdDNA (400 nM neutravidin is included unless otherwise mentioned) is added to a cuvette at 23 C. Next, 20 nM Cy3-PCNA is added followed by addition of 0.5 mM ATP. When 40 nM RFC is added to the solution, there is a rapid increase in FRET to~0.12 (half-lifetimẽ 3 s) and a slow (~2 min), small reduction to a final value of~0.1. The same experiment but with 500 mM ATPgS instead of ATP ( Fig. 1 c) showed a similar jump in FRET when RFC is added, but this time FRET continued to increase and plateaus at~0.2. RFC is expected to eject from PCNA upon ATP hydrolysis (15) so that PCNA may slowly slide off the 5 0 ssDNA tail of our DNA resulting in slow FRET decrease ( Fig. 1 b) . PCNA reloading by RFC presumably prevents FRET from reaching zero. With ATPgS, RFC remains bound to PCNA and DNA, because its conformational changes needed to eject from the Biophysical Journal 100(5) 1344-1352 PCNA cannot be achieved (20) (21) (22) (23) . We conclude that our assay using labeled PCNA and DNA recapitulates a biologically relevant function of RFC in loading PCNA onto DNA and ejecting from PCNA upon ATP hydrolysis.
To prevent the PCNA from sliding off the single-stranded end, we designed another DNA (4WJ-DNA) where the 5 0 end of the tail is blocked by a DNA four-way junction ( Fig. 1 d) . In addition, the primer/template duplex is 27 basepairs and the single-stranded template region is 20 nucleotides. Fig. 1 e shows the Cy3-PCNA loading experiments with both types of Cy5-labeled DNA (pdDNA and 4WJ-DNA) and with ATP or ATPgS. 20 nM Cy3-PCNA, 40 nM DNA, and 0.5 mM ATP or ATPgS are prepared and then at t ¼ 0, 40 nM RFC is added. The pdDNA shows the greatest increase in FRET with ATPgS and a smaller increase in FRET followed by slow FRET decrease with ATP, likely due to PCNA sliding off the single-stranded end as discussed above. The 4WJ-DNA, on the other hand, shows significant FRET increase without subsequent FRET decrease regardless of whether ATP or ATPgS is used. No FRET increase was observed if only the fourway junction part is used (Cy5 on the four-way junction), omitting the 3 0 recessed end which is the putative site for PCNA loading by RFC (23,24) (see Fig. S1 in the Supporting Material).
If the neutravidin is not added to the DNA, much lower FRET is seen for both types of DNA, likely due to PCNA sliding off the duplex end ( Fig. 1 e) . Comparing the two DNA constructs with only one end blocked, pdDNA with neutravidin versus 4WJ-DNA without neutravidin, much reduced FRET amplitude is seen when the duplex end is unblocked. Therefore, PCNA must slide more easily on dsDNA than on ssDNA (4).
Labeled PCNA enhances DNA polymerization
To test the biological activity of the labeled PCNA after its loading on the DNA, we performed primer extension by a cognate DNA polymerase, MacPolBI (25) , using the M13mp18 ssDNA as the template (Fig. S2 ). Labeling 
RFC-induced assembly of PCNA
Next, we prepared Cy5-labeled PCNA (Cy5-PCNA) so that PCNA oligomerization can be monitored via FRET by mixing with Cy3-PCNA. We first examined the self-association of PCNA (Fig. 2 a) . Fig. 2 b shows time evolution of FRET after Cy3-PCNA and Cy5-PCNA are mixed at 1:1 ratio for various total concentrations of PCNA. FRET starts at zero and increases with time. FRET increase was negligible at 10 nM PCNA but becomes progressively larger as the PCNA concentration increases up to 200 nM, likely as a result of PCNA oligomerization. The half-lifetime of oligomer assembly, defined as the time required to reach half the maximum, decreased from 6.8 min at 40 nM PCNA to 4.0 min at 200 nM PCNA (see Table S1 in the Supporting Material).
To examine PCNA assembly by RFC ( Fig. 2 c) , we prepared a solution with 20 nM Cy3-PCNA, 20 nM Cy5-PCNA, and 0.5 mM ATP. When 40 nM RFC is added, FRET starts to increase immediately with a half-lifetime of 0.3 min ( Fig. 2 d) , indicating that RFC enhances PCNA assembly by at least 20-fold. Control experiments performed without ATP did not show any rapid FRET increase. As we shall argue below, the assembled PCNA is very likely to be a functional trimer.
The average lifetimes of the PCNA trimer were determined by adding 1 mM unlabeled PCNA to the preassembled labeled PCNA and fitting the resulting FRET decay curve using an exponential function (Fig. S3 a) . Labeled PCNA monomers, once disassembled, will be captured by the unlabeled PCNA in high excess, leading to FRET decrease. We obtained very similar (~7 min) lifetimes for PCNA assembled spontaneously and for PCNA assembled by RFC (Table S2 ). ATP hydrolysis was not required for PCNA disassembly because nearly identical results were obtained with ATPgS ( Fig. S3 a) . To make sure that the added PCNA molecules are not inducing the disassembly of the PCNA trimer, we performed a dilution experiment where the PCNA trimer assembled by RFC was diluted by 15 folds into a buffer while FRET was being measured (Fig. S3 b) . FRET decayed with a timescale very similar to that obtained by adding unlabeled PCNA. We can therefore rule out the possibility that RFC simply increases the lifetime of a spontaneously assembled PCNA trimer. Rather, RFC must be accelerating the assembly of PCNA trimers by binding individual monomers in solution, an activity that has not been described previously (to our knowledge).
ATP-bound RFC conformation is required for PCNA assembly
When RFC was added to the PCNA mixture in the absence of ATP, we observed only a small jump in FRET, <10% of that observed when ATP was present before RFC addition ( Fig. 2 e, inset) . Furthermore, even after a subsequent addition of ATP, a rapid FRET increase was not observed (Fig. 2 e) . Without ATP, RFC appears to bind to PCNA but in a nonproductive manner and this nonproductive RFC/PCNA complex cannot be quickly rescued by adding ATP. Therefore, ATP binding is required to induce an RFC conformation that can template the efficient assembly of PCNA.
Trimer/monomer equilibrium of PCNA
To further investigate trimer formation of PCNA, we subjected various concentrations of PCNA to gel filtration chromatography ( Fig. 3 a) . At 10 mM and 1.7 mM concentrations of PCNA trimer (30 mM and 5 mM in monomer concentrations, respectively), PCNA existed mostly as trimers, whereas at 170 nM trimer concentration (500 nM monomer) the proteins existed mostly as monomers under the solution condition used for gel filtration. Gel filtration chromatography required high salt concentration whereas our standard reaction buffer has no added monovalent ion. Therefore, we tested whether RFC can assemble PCNA trimers under the high salt concentration (150 mM NaCl) used for the gel filtration chromatography (Fig. 3 b) . Even at 40 nM trimer PCNA concentration for which the PCNA must exist primarily as monomers according to the gel filtration chromatography, we could observe evidence of rapid PCNA assembly by RFC although the reaction rate and amplitude are reduced compared to the assembly reaction performed using our standard salt condition.
To test the possibility that PCNA may remain a trimer even at low concentrations and FRET changes are due to collision-induced monomer exchange between trimers (26), we carried out the spontaneous assembly experiment of labeled PCNA at 400 nM concentration and then diluted them into a cuvette down to 20, 40, or 80 nM final concentrations (Fig. S4) . FRET decreased over a 3-min timescale, and more so for a larger dilution factor. If collision with trimers of unlabeled PCNA is required for FRET change as is expected according to the collision-induced monomer exchange model, a simple dilution without adding unlabeled PCNA should not give any FRET decrease. Furthermore, the monomer exchange model cannot account for the 20-fold acceleration of PCNA assembly induced by addition of RFC. Therefore, we conclude that PCNA is a monomer at low concentrations and that the FRET changes observed are due to monomer-trimer transitions.
Stoichiometric and cooperative assembly of PCNA by RFC
When RFC assembles a PCNA trimer, does it bind the first, second, and third monomers with equal affinity? Or, does the binding of the first monomer increase the subsequent The elution volume of the major peak at a concentration of 10 mM trimer was estimated as 83.5 kDa, and as the estimated molecular mass of a monomer of MacPCNA, based on the polypeptide sequence, is 26.6 kDa, the elution volume suggested a protein existing as trimers (83.5:26.6 ¼ 3.1) in solution. The elution volume of the peak at a trimer concentration of 1.7 mM was estimated as representing a protein of molecular mass 74.1 kDa, hence this represented 2.7 monomers of PCNA, which one will assume represents a trimer, and finally the elution volume of the protein injected at 170 nM trimer concentration suggested a molecular mass of 28.5 kDa, which we assumed is a monomer. (b) RFC-induced assembly in our standard reaction buffer (black) and in the gel filtration high salt buffer C plus 10 mM MgCl 2 (gray). Total PCNA concentration is 40 nM. RFC concentration is 40 nM. ATP concentration is 0.5 mM.
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binding of additional monomers (that is, is the binding cooperative)?
We addressed these questions by carrying out the FRETbased PCNA assembly experiment at a fixed PCNA concentration (20 nM Cy3-PCNA and 20 nM Cy5-PCNA trimers) for RFC concentrations ranging from 0 to 200 nM (Fig. 4 a) . RFC-dependent acceleration of PCNA assembly is evident for all RFC concentrations R10 nM. In addition, the final amplitude is RFC-concentration-dependent; it increases linearly for up to 40 nM RFC and then plateaus at higher concentrations (Fig. 4 b) . Because the total PCNA concentration is 40 nM, RFC likely assembles the stoichiometric amount of PCNA trimer rapidly and holds on to the assembled PCNA (Fig. 2 c) . If RFC were to release the assembled trimer into solution shortly after the assembly, because of the slow disassembly of PCNA trimer and 20-fold faster assembly by RFC, we would have observed super-stoichiometric (or catalytic) assembly of PCNA by RFC.
Because Cy3-PCNA and Cy5-PCNA are present in equimolar concentrations in 40 nM trimer concentration, the reaction mixture contained 120 nM PCNA monomers. If PCNA monomer binding to RFC is independent of how many monomers are already bound to RFC, there would be, on average, 3, 2, 1.5, 1, 0.75, and 0.6 PCNA monomers per RFC at 40, 60, 80, 120, 160, and 200 nM RFC concentrations, respectively. Therefore, one would expect a decrease in final FRET values as RFC concentra-tion is increased above 40 nM. In contrast, we observed that the amplitude of FRET change plateaus above 40 nM ( Fig. 4 b) , showing that the binding of PCNA monomers to RFC is cooperative.
The average time for FRET increase saturated at RFC concentrations is >60 nM (Fig. 4 c) , indicating that initial binding between RFC and PCNA monomer is not ratelimiting for the assembly of PCNA trimer under such conditions. The current model we favor is as follows (Fig. 4 d) :
There is rapid equilibrium between a free RFC (R) and an RFC bound by a PCNA monomer (RP). Before binding of additional monomers to complete the assembly process, RP must undergo a conformational change to form the activated complex (RP*) with a rate constant of~3 min À1 , which is rate-limiting at high protein concentrations. Finally, two additional monomers bind to RP* to form R (P) 3 . The possibility that such a preactivation complex has two PCNA monomers, instead of one, bound to an RFC can be disregarded because R(P) 2 would have displayed a substantial FRET. Consistent with this model where a conformational change, not binding, is rate-limiting, the time required for PCNA assembly by 200 nM RFC stayed constant within 20% when the PCNA concentration was varied by a factor of five, from 20 nM to 100 nM ( Fig. 4 e) . Kinetic modeling of PCNA assembly dynamics As a consistency check for our model of PCNA assembly by RFC, we modified the model of the previous section to include the parallel self-assembly and to include the possibility that the assembly may occur sequentially, one monomer at a time:
As detailed in Supporting Methods in the Supporting Material, we followed the statistical mechanical approach of Brown and Sethna (27) to fit the ensemble FRET data to the proposed model using the experimentally estimated constraints (k d 0 ¼ 0.15 min À1 , k act ¼ 3 min À1 ). A set of parameters could be determined that reproduced all experimental results reasonably well (see Fig. S6 and Table S3 ).
Although the success in fitting the data to a model with many free parameters does not guarantee that the obtained parameters are correct or even the overall model is correct, this exercise still provides a minimal check that the model is not mathematically unfeasible. In addition, using the obtained parameters, we could deduce that, for PCNA self-assembly, the PCNA trimer concentration required for half the PCNA monomers to be in the trimeric form is 600 nM. This is consistent with our finding based on gelfiltration analysis that showed that PCNA is primarily a monomer at 170 nM but is primarily a trimer at 1.7 mM.
FRET-based DNA polymerization assay
As a further functional test of the PCNA trimer assembled by RFC, we asked whether the DNA polymerization reaction can be detected as an associated, physical movement of the PCNA (Fig. 5 a) . After RFC loads Cy3-PCNA onto the 4WJ-DNA labeled with Cy5 at the 4WJ, an M. acetivorans translesion DNA polymerase, MacDinB, is added. Subsequently, dATP is added to start polymerization against the (dT) 20 template, causing a sharp increase in FRET attributed to the movement of PCNA/DinB complex downstream toward the 4WJ (Fig. 5 b) . If a mixture of dCTP, dGTP, and dTTP is added instead of dATP, no such FRET increase is observed, further supporting our interpretation ( Fig. 5 c) . Finally, if ATPgS is used instead of ATP such that RFC cannot release the PCNA onto the DNA and dissociate, no FRET increase is observed upon addition of dATP (Fig. S5) . These FRET data show that the fluorescently labeled PCNA assembled and loaded by RFC is able to interact with the DNA polymerase during polymerization.
The PCNA concentration used in the above polymerization experiment was 20 nM at which PCNA concentration by itself exists primarily as monomers. Under this condition, PCNA loaded by RFC functionally associates with Mac-DinB during polymerization and therefore must be a trimer. We can therefore infer that the PCNA assembled by MacRFC is a functional trimer.
DISCUSSION
Using FRET between labeled PCNA molecules, we could detect the spontaneous and RFC-induced assembly of PCNA and its disassembly. Low FRET observed at low PCNA concentrations in the absence of RFC is reminiscent of the observation of Yao et al. (28) that the yeast PCNA free in solution as well as those PCNA molecules that had been loaded onto circular DNA are able to dissociate into its constituent monomers at PCNA concentrations below 20 nM. Remarkably, we found that the PCNA assembly was accelerated by 20-fold by the MacRFC action that required ATP binding, but not hydrolysis. This is the first demonstration, to our knowledge, that a clamp loader can serve as a template for assembling a replication clamp. If this observation holds true in vivo, our results suggest that MacRFC and perhaps other RFC homologs in the archaeal/eukaryotic sister lineages have evolved not only to open and load the clamp onto DNA, but also to aid in efficient assembly of the clamp. Intracellular concentration of PCNA is likely to be in the micromolar range. If most of the PCNA in vivo are in solution, that is, not bound to DNA, PCNA would primarily exist as a trimer, obviating the need for templated assembly. However, it is not known what fraction of PCNA in the cell is freely diffusing in solution instead of being bound to the DNA. If the number of freely available PCNA molecules is small in vivo then they may primarily exist as monomers. If so, our discovery of RFC-templated assembly of PCNA may have physiological relevance. Regardless, our study demonstrates what we believe to be a new intrinsic activity of an AAAþ protein that can act as a template for the assembly of another protein complex. This may be called the reverse-chaperone activity which contrasts well with the chaperoning activities of some AAAþ proteins that can disassemble protein complexes (5) . Whether the reverse-chaperone activity is utilized in vivo remains to be tested.
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